Until now, spintronics devices have relied on polarized currents, which still generate relatively high dissipation, particularly for nanodevices based on DW motion. A novel solution to further reduce power consumption is emerging, based on electric field (E) gating to control the magnetic state. Here, we will describe the state of the art and our recent experiments on voltage induced changes in the magnetic properties of ferromagnetic metals. A thorough description of the advances in terms of control of intrinsic properties such as magnetic anisotropy and ferromagnetic transition temperature as well as in intrinsic properties like coercive field and domain wall motion will be presented. Additionally, a section will be dedicated to the summary of the key aspects concerning the fabrication and performance of magneto-electric field-effect devices.
INTRODUCTION
Spin-electronics is a prolific field of research that has many times transcended the limits of the basic science laboratories into widely spread technological applications. In particular, the ever-growing need for more efficient data storage and retrieval has fostered a constantly evolving activity in the area of non-volatile memories based on spintronics spin-valve structures.
1, 2 Great scientific efforts made in order to reduce the power consumption in MRAMs (magnetic random access memories) have led to the development of prototypes for spin-transfer-torque random access memories (STT-RAMs) where the soft layers of the spin-valve are manipulated by the use of spin-polarized currents. 3, 4 However, the spin-polarized current densities needed so far to operate STT-MRAM prototypes are still too high to be of commercial interest. Consequently, finding new paths for switching magnetic units and reducing the critical switching currents in magnetic tunnel junctions (MTJs) are nowadays a very active field of research. Voltage induced changes in the magnetic properties of technologically relevant ferromagnetic systems is an emerging and a seemingly promising route to magnetic-field free magnetization reorientation and the reduction of critical currents in spin-torque based devices. In the following, the most relevant achievements in the field of voltage control of magnetism will be introduced.
Voltage control of magnetism
Pioneering work on the realization of devices with voltage controlled magnetic properties can be dated more than one decade back. The observation of carrier-mediated ferromagnetism in diluted magnetic semiconductor (DMS) systems, namely, the ferromagnetic coupling between localized magnetic moments via an antiferromagnetic coupling with the hole charge carriers, presented a promising scenario for the creation of magnetic field-effect structures. Supported by this principle a spin field-effect transistor based on (Ir,Mn)As was realized and demonstrated a gate voltage induced transition temperature modulation. 5 However, further development in DMS based devices could not avoid reaching a plateau since the transition temperatures in these materials have remained stubbornly low for practical applications.
6
A step forward was made by the experimental demonstration of electric-field induced changes in coercive field of E-mail: liza.herreradiez@grenoble.cnrs.fr, dafine.ravelosona@u-psud.fr over 4% in ultra-thin films of FePt and FePt, two metallic and technologically relevant ferromagnetic materials.
7
In this case the success of the experiment was given by the strong electric field created by a polymer electrolyte gate, a significant surface magnetic anisotropy contribution with respect to the bulk anisotropy and a large surface to volume ratio of the magnetic films. At the heart of this promising effect is the fact that electric fields can induce a modulation of the electronic density close to the Fermi level which in itinerant ferromagnets corresponds to the density of d -electrons intimately linked to the magnetic properties. The surface of the magnets is the most practically accessible region to produce these changes in the electronic density, therefore, it is crucial that surface effects translate into the properties of the entire film and not become outshined by the bulk properties. This requirement can be fulfilled in materials where the surface anisotropy is large with respect to the bulk anisotropy and where the dimensions of the magnet assure a large surface to volume ratio. The successful experiments in FePt and FePd have led to research activities involving other types of magnetic materials and device geometries. Ultra-thin iron films incorporated into solid-state metal/oxide/conducting electrode field-effect devices have shown to be susceptible to magnetic anisotropy changes as a function of the gate voltage. 8 Similarly, in CoFeB films the magnetic anisotropy and the coercive field can be manipulated with electric fields. 9 Thin films of cobalt not only show important voltage-induced changes in the coercive field but also a significant modulation of the ferromagnetic transition temperature which is proposed as the basis of a potential 'field-effect magnet' that could be electrically driven into and out of the ferromagnetic state.
10, 11 Regarding the potential uses of the voltage control of magnetism in magnetic memories the electric field assisted switching from the low to high resistance state in CoFeB/MgO/CoFeB magnetic tunnel junctions stands out as a significant step forward. Aided by the presence of a constant bias magnetic field below coercivity the CoFeB layers can be selectively and reversibly switched by a voltage pulse since the values of the coercive field of the two ferromagnetic layers shift in opposite directions for a given sign of the gate voltage. The current densities involved in these electric-field assisted switchings are several orders of magnitude smaller than those typically employed in spin transfer torque switching.
12
An equally interesting aspect of the voltage assisted magnetization reversal can be studied at the level of domain wall dynamics, where the electric field control of magnetic domain wall propagation and nucleation may bring new perspectives for applications in domain wall logic devices.
13 Experiments involving magnetic imaging have shown that the charge accumulation at the surface of the ferromagnet can modify the energy barriers involved in domain wall propagation and consequently increase or decrease the domain wall velocity in the creep regime.
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The modulation of the domain wall velocity has been shown to depend exponentially on the gate voltage applied. The question of the electric-field effect on domain nucleation still remains open and is an important aspect in view of the potential development of voltage-driven switching units and the design of single domain devices. Kerr microscopy studies in ultra-thin films of CoPt show that the electric-field assisted modulation of the magnetic anisotropy has a large impact not only on the domain wall propagation but also on the number of domains involved in the magnetization reversal.
17
Voltage control of magnetism can not only occur via a direct carrier-density modulation mechanism but also via the susceptibility of the magnetic properties to mechanical stress. This was demonstrated in devices consisting of hybrid ferromagnetic/piezoelectric structures. 18, 19 In this systems the voltage induced strain served as a means to achieve easy axis reorientation and control of domain wall propagation in (Ga,Mn)An and CoFeB devices, respectively.
MAGNETIC FIELD-EFFECT DEVICE FABRICATION AND OPERATION
In order to produce an electric field and to also measure simultaneously a signal that can account for the influence of this electric field on magnetism Hall bar structures with integrated top gate electrodes were fabricated. A schematic cross section of the device along the source-drain axis is shown in Fig. 1 . The continuous ferromagnetic film is first patterned into Hall bar structures by photolithography and ion beam etching which is followed by the deposition of Au contacts. In a second step a dielectric layer is added to the entire device by atomic layer deposition (ALD) followed by the deposition of the top gate electrode which finalizes the fabrication process. From a technical point of view the success of the voltage control of magnetic properties relies on creating the largest possible charge accumulation per unit area at the surface of the ferromagnet. This is undoubtedly related to the limits in the voltage that can be applied to the top gate electrode without damaging the device EEL Electric-field-effect magnetic devices but also to the polarization efficiency of the dielectric layer separating the gate and ferromagnetic electrodes. This is better visualized in the following expression for the amount of charges accumulated Q per unit surface S : Q/S = ǫ r ǫ 0 E = ǫ r ǫ 0 V /d where ǫ r and ǫ 0 are the dielectric constants of the dielectric layer and that of vacuum, respectively, E is the electric field, V is the applied gate voltage and d is the separation between the top gate and ferromagnetic electrodes (namely, the thickness of the dielectric layer). For a given gate voltage the electric-field effect will scale with the value of ǫ r which accounts for the efficiency of the charge polarization inside the dielectric. In table 1 the values of the dielectric constants of different materials used in field effect structures are listed.
20
Applying a given gate voltage to the magneto-electric device will have a much larger impact on the magnetic properties if, for example, SiO 2 can be replaced by HfO 2 as the dielectric material. It is worth mentioning that the values of the dielectric constants are highly susceptible to growth conditions and to the final thickness of the grown layer. 20, 21 Additionally, materials with high dielectric constant like HfO 2 may show a resistance switching behavior that could affect its performance in a field effect device. 22 For this reason it is of great importance to thoroughly characterize the properties of the dielectric barrier before incorporating it into the magnetic devices.
The interaction of the dielectric layer with the surface of the magnetic material also needs to be analyzed in detail in zero gate voltage conditions. As mentioned, the magnetic anisotropy of the ferromagnetic material is highly susceptible to surface modifications and therefore the nature of the ferromagnet/dielectric interface can have a large impact on the magnetic properties of the film even in the absence of an applied gate voltage. Fig.  2 shows the effect of the deposition of an ALD HfO 2 layer on the surface of a Pt (3.5 nm)/Co (0.5 nm)/Pt (1 nm) film. The critical reduction in the coercive field as well as in the remanence value of the Kerr rotation loops upon deposition of the HfO 2 layer indicate a large modification of the magnetic anisotropy of Co.
In epitaxial FePt films where the surface anisotropy is less prominent than in Co/Pt layers the addition of HfO 2 or ZrO 2 does not modify significantly the magnetic anisotropy at zero gate voltage, an increase (decrease) in anisotropy can only be achieved by the action of a negative (positive) gate voltage. 24 However, as seen in Fig. 3 , the electric-field effect in coercivity that can be observed using HfO 2 (a) and ZrO 2 /HfO 2 (b) dielectric layers is completely suppressed when using Al 2 O 3 . This effects holds for both ALD (Fig. 3 (c) ) and in-situ (not shown) grown Al 2 O 3 . It is worth mentioning that the poor performance of the devices containing Al 2 O 3 layers is not due to the difference in dielectric constant with respect to HfO 2 and ZrO 2 . The electric fields in the HfO 2 (a) and ZrO 2 /HfO 2 devices that produced the results in Fig. 3 (a) and (b) were 2.6 MV/cm and 2.3 MV/cm, respectively, and the electric field at which the first clear evidence of a coercivity change is seen is close to 1.3 MV/cm (2 V gate voltage for the HfO 2 device). In the Al 2 O 3 device the hysteresis loop under gate voltage was recorded with an electric field of 3.3 MV/cm which compensates the difference in the dielectric constant. A similar effect has been observed by other authors in sputtered FePt films where a visible effect of gate voltage on coercivity can be seen with a MgO/Al 2 O 3 layer while it completely disappears when using only a pure Al 2 O 3 layer. 23 These findings exemplify that in the selection of the dielectric layer both the perspectives of maximizing the charge accumulation at a given gate voltage and also the preservation of the intrinsic properties of the magnetic material must be taken into account.
ELECTRIC FIELD-EFFECT IN DOMAIN WALL DYNAMICS
The voltage induced changes in coercive field discussed earlier are expected to have an impact on the magnetic field driven magnetization reversal also at the level of domain nucleation and domain wall motion. Fig. 4 shows polar Kerr microscopy images of the expansion of a magnetic domain in a Pt (5 nm)/Co (0.5 nm)/Pt (0.5 nm)/Al 2 O 3 (50 nm) structure terminated by a transparent ITO top gate electrode. These measurements were carried out after saturating in a positive magnetic field and applying a negative 6 mT magnetic field pulse. The time delay of the selected frames with respect to the moment of the application of the field pulse is 20s and 40s for the images in the left and right column, respectively. The device was set to operate at gate voltages of 0V (top), +1 V (middle) and -1 V (bottom). The expansion of the magnetic domain that is highlighted by a dotted square presents a marked dependence on the gate voltage applied. For a gate voltage of +1 V the domain wall propagation is favoured as shown by the increased size of the magnetic domain at both 20s and 40s with respect to the measurements done at 0V. Following the same trend, the measurements done under a gate voltage of -1V show the opposite effect, the expansion of the magnetic domain is critically hindered and provokes the suppression of the action of the nucleation center since no switching activity is observed neither at 20s nor at 40s. These results illustrate how the expected changes in the magnetic anisotropy translate into changes not only in coercivity but also in domain wall dynamics. The observed trend of the electric-field effect suggests that positive charges accumulating at the Pt/Al2O3 interface enhance magnetic domain wall propagation in the underlaying Co layer, while negative accumulated charges hinder domain wall nucleation and/or propagation. This in turn can be correlated to a weakening (strengthening) of the magnetic anisotropy for positive (negative) applied gate voltages, in agreement with theoretical predictions 25 and experimental observations in Pt/Co/MgO, 10 Pt/Co/Al 2 O 3 , 15 and Pt/Co/HfO 2 14 structures.
